The Klamath Mountains province of northwestern California-southwestern Oregon is an anomalous element in the Cascadia margin; these mountains have the highest average topography, the oldest rocks, and the only identified example of late Cenozoic detachment faulting in the coastal mountains of the Cascadia forearc. Low-temperature thermochronology (apatite fission-track, apatite [U-Th]/He) analyses from the central and southern Klamath Mountains province record two distinct exhumation events-a Cretaceous-Paleocene regional cooling and a southward-migrating locus of rapid cooling/exhumation in the middle Tertiary. This younger event is localized within the geographic extent of the La Grange fault. We infer that this pattern reflects two distinct processes of exhumation: regional surface erosion (older) and migrating localized tectonic exhumation (younger). At the southern limit of this region of rapid cooling, slickenside striations on the exposed La Grange fault surface record southward displacement of the upper plate along a shallowly dipping (~20°) detachment surface. Thermochronologic data constrain average dip of the fault to a few degrees, upper-plate thickness to <~6-8 km, and fault slip rate to <2 mm/ yr for a duration of 30 m.y. (ca. 45 Ma to 15 Ma). The fault dip is unusually low compared to that of typical detachment faults; the duration of this extensional event is unusually long compared to other detachment faults; the north-south (margin-parallel) slip direction is roughly perpendicular to that of other Klamath Mountains province faults; and the Eocene to early Miocene timing of extensional faulting does not correlate with recognized tectonic events in northern California. Mid-Tertiary tectonic events in the Oregon Coast Ranges provide a context for understanding the unusual mid-Tertiary tectonism in the Klamath Mountains province. Immediately north of the Klamath Mountains province, early Eocene accretion of a large early Cenozoic igneous province, the Siletz terrane, initiated a westward jump of active subduction. Accretion was followed by late Eocene margin-parallel extension in the Oregon Coast Ranges, recorded by formation of a regional dike swarm. Both the timing of tectonic exhumation and the direction of extension on the La Grange detachment fault suggest that mid-Tertiary tectonism in the southern Klamath Mountains province was likely driven by plate tectonics associated with the accretion of Siletzia and the reestablishment of subduction outboard of the accreted terrane.
INTRODUCTION
The Klamath Mountain province ( Fig. 1 ) straddles a fundamental transition in the North America plate boundary from subduction along Cascadia to translation along the San Andreas system, and it is both geologically and topographically distinctive. The orogen's Neogene to Holocene tectonic history poten tially provides a window into the evolution of the plate boundary as it underwent the transi tion from a long history of subduction (Far allon, Juan de Fuca) to encroaching transla tional (Pacific) plate interactions. The Klamath Mountain province presently hosts some of the highest topography along the convergent boundary (Fig. 1A) . Maximum and mean el evations in the Klamath Mountains are higher than those elsewhere in the coastal ranges of Cascadia (Kelsey et al., 1994) , and the Klam ath Mountain province, consisting of Precam brian to Late Cretaceous, primarily oceanic tectonostratigraphic terranes, includes the old est (Wallin et al., 1995) and among the most structurally complex (cf. Irwin, 1981 Irwin, , 1985 units along the Cascadia margin. The period during which this high topography developed and the relationship between uplift and exhu mation of Paleozoic and Mesozoic bedrock remain unclear.
Active deformation in the southernmost Cas cadia subduction zone, at the latitude of the Klamath Mountains province, also differs from that of the rest of the Cascadia margin.
Patterns of seismicity, including the spatial and temporal distribution of episodic tremor and slip events ( Fig. 1A ; Szeliga et al., 2004; Brudzinski and Allen, 2007; Gomberg et al., 2010; K. Creager, January 2015, personal com mun.) , anticorrelation of tremor and small up perplate earthquakes (Boyarko and Brudzin ski, 2010; Gomberg et al., 2010) , and inferred segmentation of Cascadia subduction zone earthquake history (e.g., Wang et al., 2013) , all distinguish the southern part of the Cascadia subduction zone. This study addresses two fundamental ques tions:
(1) Does the Klamath topographic massif re flect relict (Late Cretaceous-Early Tertiary) to pography, or is it a result of young and/or ongo ing uplift linked to the modern plate boundary?
(2) Do the distinctive seismologic character istics of the southernmost Cascadia subduction zone margin reflect the geologic character of the regional forearc (e.g., crust of the Klamath Mountain province), or are they simply a func tion of the current platetectonic setting inde pendent of upperplate crustal structure?
In this paper, we present new lowtemper ature thermochronologic data from the cen tral and southeastern Klamath Mountains, use these to constrain the movement history of a regionally significant fault (the La Grange fault), and examine their implications for the Cenozoic tectonic evolution of the Klamath Mountains province. With new thermochro nometry data, we test previous interpretations of Cenozoic history of the Klamath region, Unroofing the Klamaths-Blame it on Siletzia? | RESEARCH Klamath Mountain province is not well con strained, but estimates place it in the 35-40 km range (Zucca et al., 1986; Beaudoin et al., 1996; . Cretaceous marine to nonmarine sedimen tary rocks are deposited on the southern and eastern margins of the province and in isolated patches overlying Klamath Mountain prov ince basement (Sliter et al., 1984; Irwin, 1994; Surpless and Beverly, 2013) ; these units pro vide a record of burial depth at the locations where they are preserved. Vitrinite reflectance values of 0.68% VR 0 for Lower Cretaceous coal at Big Bar, California, in the southwestern Klamath Mountain province record a maximum burial depth of ~3.5-4 km (Piotraschke, 2012) , whereas 0.79% and 0.83% VR 0 values for Creta ceous organicrich siltstone at O'Brien, Oregon, in the northwestern Klamath Mountain province record a maximum burial depth of ~5 km (Batt et al., 2010a) .
The Klamath Mountains province is bounded by regionalscale thrust faults on the north and west. On the west, Klamath Mountain province rocks are thrust over Cretaceous and younger rocks of the Franciscan complex (Wagner and Saucedo, 1987; McLaughlin et al., 2000) . Fault ing occurred during the Early Cretaceous or later (McLaughlin et al., 2000) . At the northern margin of the Klamath Mountain province, the Siletz River volcanics (Siletzia) were faulted be neath, and perhaps locally over, older Mesozoic terranes, including the westernmost Klamath Mountain province (Wells et al., 2000; DuRoss et al., 2002) . Time of initiation of this faulting is unknown, but accretion of Siletzia was complete by 50.5-49 Ma, with folding and thrust faulting continuing locally within Siletzia until deposi tion of the Tyee Formation at 49-48 Ma (Wells et al., 2014) . Approximately 8 m.y. after accre tion of Siletzia, the Tillamook magmatic episode marked renewed magmatism within Siletzia, extending from central Oregon to southeastern Washington. This event included basaltrhyolite magmatism, normal faulting, and formation of regional dike swarms in the forearc. The Tilla mook magmatic episode records regional mar ginparallel extension between 42 and 34 Ma (Wells et al., 2014) .
The Klamath Mountain province consists of a stack of thin, generally eastwarddipping and westwardyounging tectonostratigraphic ter ranes bounded by shallowly eastdipping thrust faults and intruded by multiple belts of plutons (Irwin, 1960 (Irwin, , 1972 (Irwin, , 1985 Allen and Barnes, 2006) . The repeated underthrusting and accre tion of these oceanicderived rocks to form the Klamath Mountain province record sequential westward growth of the North American plate by episodic terrane accretion from earliest Pa leozoic through Late Jurassic time (Coney et al., 1980; Irwin and Wooden, 1989; Snoke and Barnes, 2006; Ernst et al., 2008) . The intrud ing Klamath Mountain province plutons range from Paleozoic to Mesozoic in age, with Juras sic and Cretaceous plutons being most com mon, and they consist primarily of calcic and calcalkalic rocks (Hotz, 1971; Irwin, 1985; Allen and Barnes, 2006) . Many Klamath plu tons truncate terranebounding thrust faults and thus constrain the timing of these regional thrust faulting events (Irwin, 1985; Hacker et al., 1995; Allen and Barnes, 2006) . Detailed petrographic, geochemical, and geochronologic studies have identified at least seven compositionally, tempo rally, and petrogenetically distinctive plutonic belts (Allen and Barnes, 2006) . Of particular in terest to this study are the 167-156 Ma Wooley Creek suite, which includes the Russian Peak, Wooley Creek, and Slinkard plutons (Allen and Barnes, 2006; Barnes et al., 1986; Cotkin and Medaris, 1993) , the 139-136 Ma granodiorite suite that contains the Shasta Bally pluton (Al len and , and the 142-136 Ma tonalitetrondhjemitegranodiorite suite, which encompasses the other plutons in the study area ( Fig. 1B ; Barnes et al., 1996; Allen and Barnes, 2006) . One preMesozoic pluton, the Devonian Mule Mountain stock (Albers et al., 1981) , was also analyzed in this study.
Geochemical and petrologic studies of plu tons provide estimates of emplacement pres sure and temperature, which place limits on subsequent uplift and exhumation. Crystalli zation of the trondhjemitic Caribou Mountain pluton (a "tonalitetrondhjemitegranodiorite" suite pluton) began at depths of at least 12 km (Barnes et al., 1992) , generating hornblende hornfels facies contact metamorphism of wall rocks (Davis, 1963; Goodge, 1989; Barnes et al., 1992) . Geobarometry and thermometry studies for the Jurassic Russian Peak plutonic complex indicate an intrusion pressure of ~300 MPa (~11-12 km) and intrusion temperatures of 900-1000 °C (Cotkin and Medaris, 1993) . Mineral assemblages in the contact metamor phic aureole of the Wooley Creek pluton vary considerably from south to north, suggesting estimated pressures from ~300 ± 150 MPa (~11 ± 5 km) at the southern margin to ~650 ± 150 MPa (~25 ± 5 km) at the northeastern contact Coint et al., 2013) . In gen eral, studies indicate that the initial emplace ment depth of exposed central Klamath Moun tain province plutons was ~10-12 km.
A regionalscale Tertiary detachment fault, the La Grange fault, cuts Mesozoic and older rocks in the southern Klamath Mountains (Figs. 1B and 2; Schweickert and Irwin, 1989; Cashman and Elder, 2002) . The La Grange fault differs dramatically from older structures because it accommodates marginparallel ex tension. The domelike "Trinity arch" (Irwin and Lipman, 1962) of Trinity terrane ultramafic rocks occupies the La Grange fault footwall (Schweickert and Irwin, 1989) . Shallowly SSE to SSWplunging slickenside striations at four widely separated locations around the margins of the Trinity arch record northsouth displace ment on the fault (Cashman and Elder, 2002) . Distinctive units such as the Moffett Creek Formation, a calcareous siltstone that contains abundant detrital sericite grains and authigenic calcite rhombs, crop out both in the hanging wall of the fault at the La Grange mine and in the Yreka area, 50 km NNE of the mine (Cash man and Elder, 2002 ). These units demonstrate a link between upperplate rocks in these areas and imply a minimum northsouth (upper plate to south) displacement of 50-60 km on the La Grange detachment (Cashman and Elder, 2002) .
The surface of the La Grange fault, exposed at the La Grange mine, records a prolonged, brittle fault history (Fig. 2 ) Hydraulic mining of midTertiary auriferous gravels (Weaverville Formation) created a 1kmlong exposure of the shallowly southdipping fault surface. The nor malfault displacement of the La Grange fault places midPaleozoic sedimentary rocks and Tertiary Weaverville Formation over Devonian amphibolite (part of the basement rocks that host younger plutons; Schweickert and Irwin, 1989) . Weaverville Formation sediments are dated as early to early middle Miocene based on pollen flora (Barnett, 1989) , and they dip shallowly to ward the exposed La Grange fault surface at the La Grange mine (MacDonald, 1910; Schweick ert and Irwin, 1989) . The fault surface is capped by a 25cmthick layer of strongly foliated, black cataclasite and ultracataclasite (Cashman and Elder, 2002; Cashman and Cashman, 2006) . Parallel downdip slickenside striations on the ultracataclasite layers, slickensideperpendicu lar veins, and clasts of both ultracataclasite and vein material in cataclasite layers attest to pro longed brittle extensional transport of hanging wall rocks (Cashman and Cashman, 2006) .
Horizontal displacement on the La Grange fault was not accompanied by substantial ver tical displacement in the upper plate. Facies distribution in the Weaverville Formation indi cates that these fluviolacustrine sediments were deposited synchronously with displacement on the La Grange fault in several small NESWtrending grabens (Barnett, 1989; Phillips and Aalto, 1989) . Present stratigraphic thickness of the Weaverville Formation is 360 m in the Weaverville basin (Phillips and Aalto, 1989) , and ~335 m in the Reading Creek basin (Bar nett, 1989) . Vitrinite reflectance values for lig www.gsapubs.org | Volume 7 | Number 4 | LITHOSPHERE nite sampled from the base of the Weaverville Formation in the Reading Creek basin indicate no significant reheating/burial of these sedi ments (Piotraschke, 2012) .
Timing of Exhumation of the Klamath Mountain Province
Taken together, the geologic characteristics described here reveal a distinctive history for the La Grange fault: prolonged, marginparallel, ex tensional faulting at shallow crustal levels, which developed perpendicular to strike of Klamath Mountain province bedrock units. Although the extensional faulting did not result in substantial vertical displacement of rocks in the hanging wall (evidence presented in previous section), it did play a major role in exhuming rocks in the La Grange fault footwall (Batt et al., 2010b) . Understanding the timing and duration of slip on the La Grange fault, compared to timing of exhu mation of bedrock in other parts of the Klamath Mountains province, is a key to determining the mechanism(s) that drove this extension.
We used apatite (UTh)/He (AHe) and apatite fissiontrack (AFT) ages, determined for plu tons throughout the Klamath Mountain prov ince, to place constraints on the timing, dura tion, and amount of exhumation in the central Klamath Mountain province. We have included samples from the footwall and hanging wall of the La Grange fault, from plutons northwest of the inferred fault extent, and from a conglomer ate deposited synchronously with faulting. Our samples (Table 1) extend over a wider area and range of structural settings than those in the geo graphically focused study of Batt et al. (2010b) , and they allow us to better constrain the extent and timing of the La Grange fault extension ( Fig. 3 ; Tables 1, 2, and 3).
Thermochronometry Results
AFT and AHe ages were determined for a suite of samples from within the Klamath Mountain province, including samples for the hanging wall and footwall of the La Grange fault and exposed plutons outside the fault ex tent (Table 1) . Analytical procedures for apatite fissiontrack analysis and AHe dating are de scribed in the Appendix.
AFT ages vary systematically with geo graphic and structural position. AFT age and www.gsapubs.org | Volume 7 | Number 4 | LITHOSPHERE length data were acquired for 23 samples from 11 plutons and from one clast collected from Weaverville Formation conglomerate (Table 2 ; Fig. 3B ). The three samples northwest of the La Grange fault have relatively young AFT ages, ranging from ca. 45 to 25 Ma (Table 2 ; Fig. 3B ). Samples from the La Grange fault hanging wall have AFT ages in the range ca. 65-59 Ma, while those from the footwall show a significant range from ca. 76 to 22 Ma ( Table 2 ). The AFT age of the diorite clast from the Weaverville Formation in the Reading Creek graben is ca. 26 Ma. AFT ages record moderate to rapid cooling. The track length distributions are uniformly uni modal, with mean track lengths in the range of 12.7-14.9 μm, irrespective of structural position of the host plutons. This indicates that most of the fissiontrack ages record moderate to rapid regional cooling of the sample host rocks into and through the AFT partial annealing zone during the Late Cretaceous and Paleogene. The younger AFT ages (Eocene and younger) proba bly reflect cooling through the partial annealing zone during and soon after detachment faulting. Our fissiontrack ages are in general agreement (Cretaceous-Paleocene) with those reported in Batt et al. (2010b) , although where the same plu tons (Russian Peak, Craggy Peak) were sampled in both studies, albeit not the same locations, our ages are consistently younger (Fig. 3B) .
AHe ages vary systematically with geo graphic and structural position. Reproducibility of replicates in the majority of samples is excel lent, with most overlap within 1σ level of uncer tainty. We determined AHe ages for 110 single apatite crystals from 23 samples representing 11 plutons and one clast collected from Weaverville Formation conglomerate in Reading Creek gra ben (Table 3 ; Fig. 3C ). Only one sample (RP01, Russian Peak pluton) yielded two groups of AHe ages that do not overlap. Singlegrain AHe ages range from 2.6 ± 0.2 Ma to 44.3 ± 2.7 Ma, and all overlap or are younger than the corresponding AFT ages, in agreement with the closure tem perature concept (Dodson, 1973) . Our results for plutons (Russian Peak, Craggy Peak) also sam pled in Batt et al. (2010b) are statistically indis tinguishable from results in that study (Fig. 3C ).
AHe ages vary systematically within the footwall of the La Grange fault, as observed by Batt et al. (2010b) , and they also record distinct contrasts between the footwall and hanging wall, and between both fault blocks and rocks north west of the fault. Plutons in the footwall show a southward progression of successively younger ages and span a wide range, including both older and younger AHe ages than hangingwall sam ples (Figs. 3C and 4). AHe ages from hanging wall samples (Shasta Bally and Mule Mountains plutons) range from ca. 34 to ca. 24 Ma, and the clast from conglomerate preserved in the Read ing Creek graben has a comparable AHe age of ca. 26 Ma (Table 3 ; Fig. 3C ). AHe ages from the "Trinity arch" central region of the La Grange fault footwall range from older than those in the hanging wall for the most northern pluton (Craggy Peak, ca. 40-32 Ma) to overlapping those of hangingwall rocks (Deadman Peak and Caribou Mountain plutons, ca. 33-30 Ma; Sugar ); N d -number of tracks counted on dosimeter; P(χ 2 )-probability obtaining Chi-square value (χ 2 ) for n degree of freedom (where n = No. of crystals -1; Galbraith, 1981) . All analyses are by the external detector method. Apatite ages were calculated using dosimeter glass CN5 and zeta-612 = 348.8 ± 5.5 (±1σ) by Ganqing Xu. Central AFT ages and related uncertainties are calculated after Galbraith and Green (1990) .
*Durango Apatite age = 31.4 ± 0.5 Ma.
Pine pluton, 27-20 Ma). The youngest AHe ages, ca. 15-6 Ma, are found in the Granite Peak and Canyon Creek plutons in the southernmost part of the footwall and close to the outcrop trace of the fault. AHe ages for samples in the northwest ernmost part of the study area are comparable to those of the youngest rocks in the study region; the Wooley Creek-Slinkard intrusive complex has AHe ages of ca. 20-15 Ma. These new thermochronology data record two tectonically distinct periods of exhuma tion-a Late Cretaceous-Paleocene interval of regional (erosional?) cooling and exhumation seen in the AFT ages both within and external to the geographic extent of the La Grange fault, and a middle Tertiary (Oligocene-Miocene), system atically spatially varying period of rapid cooling of the La Grange fault footwall, seen primarily in the AHe ages. This latter event reflects a south wardmigrating locus of rapid cooling/exhuma tion in middle Tertiary time (Figs. 4 and 5); this event is interpreted as the signature of detach ment faulting on the La Grange fault (Batt et al., 2010b; this study (Piotraschke, 2012, p. 33) . The zone of southwardprogressing exhumation is bordered by regions with rela tively uniform late Oligocene to early Miocene (20-30 Ma) AHe ages independent of north south position (Figs. 3C, 4 , and 5). We infer that the pattern of this middle Tertiary event reflects two distinct processes of exhumation: migrating localized fault exhumation of the footwall of the La Grange detachment fault, and continued re gional surface erosion both east and west of the LaGrange fault extent.
Kinematics of Fault Exhumation
The conditions and duration of faulting on the La Grange fault differ from those of other de tachment faults. Thermochronologic data from the La Grange fault footwall combined with microstructural observations from fault rocks at the LaGrange mine imply that faulting occurred entirely at shallow (brittle deformation) depths (Cashman and Cashman, 2006) , persisted for ~30 m.y., and occurred at a relatively slow slip rate (average ~2 mm/yr). This average slip rate is unusually low, and the duration of fault ing (~30 m.y.) is remarkably long compared to values reported for other detachment faults. For comparison, an average slip rate of 6-8 km/m.y. www.gsapubs.org | Volume 7 | Number 4 | LITHOSPHERE for ~8 m.y. is reported for the NaxosParos ex tensional fault system in Greece (Brichau et al. 2006) , and slip rates accelerating from ~1.6 km/ m.y. to ~6 km/m.y. over a span of ~20 m.y. are calculated for the southern California Chemehu evi detachment . The fault surface exposed at the La Grange mine is significantly steeper than its dip over most of its regional extent. The exposed sur face of the fault at the LaGrange mine dips southward at ~20°, but our thermochronologic data require that over the entire extent of the fault, its average dip must be significantly shal lower (5° or less), and the upperplate thick ness must be less than ~6-8 km. This interpre tation of fault geometry is consistent with the presence of highly comminuted brittle fault rocks (foliated ultracataclasite) on the fault surface and with the occurrence of calcite and (rare) calciteheulandite veins crosscutting foliation in the ultracataclasite (Cashman and Cashman, 2006) . The presence of heulandite shows that veins formed at pressuretempera ture conditions no higher than 200-400 MPa and 240 ± 40 °C (Frey et al., 1991) , correlating to a maximum depth of 7 km. Small clusters of prismatic heulandite crystals radiating inward from vein walls appear to have grown in the absence of neighbors, suggesting that crystal lization occurred in the shallower part of the heulandite stability range (Cashman and Cash man, 2006) . In summary, the thermaltectonic history for the Klamath Mountain province is:
(1) Based on AFT results, currently exposed plutons in the southeastern Klamath Mountain province were exhumed from initial emplace ment depths to moderately shallow levels in the crust (<~120 °C; <~6-8 km depth) during Late Cretaceous-Paleocene time.
(2) In contrast, AFT data from plutons in the central Klamath Mountain province (Wooley Creek-Slinkard complex) indicate they under went exhumation and cooling to below ~120 °C in Oligocene time. This difference may reflect either a greater emplacement depth or slower exhumation for these plutons.
(3) Based on AHe results, there was a south wardmigrating locus of rapid cooling/exhuma tion in the La Grange fault footwall that moved ~60 km between 45 and 15 Ma, recording an av erage fault slip rate of ~2 km/m.y. over ~30 m.y.
(4) Although some post-La Grange fault ero sion has occurred (as no fault rocks are observed in the exhumed footwall except in the vicinity of the La Grange mine), displacement in response to slip on the La Grange fault was responsible for a substantial amount, and perhaps the major ity, of exhumation within the Trinity arch region of the Klamath Mountain province. Note: Th-232 Th; U-238 U; He-4 He at standard temperature and pressure; TAU-total analytical uncertainty; Uncorr. ageuncorrected He age; F t -alpha recoil correction factor after Farley et al. (1996) ; Cor. age-corrected He age. Ages in italics are outliers and were omitted from calculation of central age.
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Link to Western North America Tectonics

Implications for Neogene Deformation in the Klamath Mountains Province
Thermochronology results presented here place new limits on two prior interpretations of Neogene tectonics of the Klamath Mountain province: the Condrey Mountain dome (Mor timer and Coleman, 1985) and the tilted Klam ath peneplain (Diller, 1902; Aalto, 2006) . Mortimer and Coleman (1985) proposed that Neogene domal uplift centered on Con drey Mountain had occurred in the northeastern Klamath Mountain province, based largely on a subannular outcrop pattern of stacked, sub horizontal bedrock units, southwestward tilting of the Wooley Creek-Slinkard plutonic system southwest of Condrey Mountain, and tilted Cre taceous to Miocene strata on the east and west margins of the Klamath Mountain province at the latitude of Condrey Mountain. Further stud ies substantiated this structural interpretation (e.g., Barnes et al., 1986) and presented evi dence for 6 km of differential uplift of the Con drey Mountain dome (Jachens et al., 1986 ) but did not further address the timing or mechanism of doming. AFT ages for the Slinkard-Wooley Creek plutonic system show that the bulk of rock uplift occurred before midMiocene time and demonstrate that the ~6 km of structural re lief on the Condrey Mountain dome reported by Jachens et al. (1986) cannot all be of Neogene age. The Slinkard pluton (closest to the center of the Condrey Mountain dome) was uplifted from its Late Jurassic emplacement depth of >30 km ) to ~7 km depth by the late Oligocene (AFT age 24.6 ± 1.9) and to within 3 km of the surface by the early Mio cene (AHe age 19.3 ± 2 Ma), while uplift of the southern end of the Wooley Creek batholith (farthest from the center of the Condrey Moun tain dome), which would be expected to predate that of the Slinkard pluton if Neogene structural doming centered on Condrey Mountain drove the uplift, moved to within 3 km of the surface in midMiocene (AHe age 15.4 ± 1.2 Ma), more recently than uplift of the Slinkard pluton to this level. In summary, thermochronometry data show that the bulk of rock uplift in the Condrey Mountain area occurred prior to Neo gene time, and the post-late Miocene relative uplift of the Condrey Mountain region recorded by outwardtilted Miocene sedimentary units did not exceed ~3 km.
A regional erosion surface in the western Klamath Mountain province and Coast Ranges, the "Klamath peneplain" of Diller (1902) , tilts westward and was interpreted by Aalto (2006) as evidence for low elevation of the Klamath Mountain province allowing fluvial transport across the region in late Miocene-early Pliocene time. Distribution of the peneplain in the Cali forniaOregon Coast Ranges and in the western half of the Klamath Mountain province shows as much as 1 km of differential uplift of this surface (Irwin, 1997) . The Klamath peneplain reaches its highest elevation, ~1.8 km above sea level, just east of Hoopa Valley in the southwest ern Klamath Mountain province (Aalto, 2006) . Sedimentologic and stratigraphic characteristics of Neogene sedimentary units deposited on the western Klamath peneplain links the peneplain surface to a record of late Miocene subsidence, followed by Pliocene-Pleistocene shoaling and emergence along the western margin of the Klamath Mountain province (Aalto, 2006) . Our thermochronologic data show >7 km of exhu mation in the central and southeastern Klamath Mountain province since Eocene time and are compatible with observations of the Klamath peneplain and associated onlap deposits pre sented by Aalto (2006) .
However, early to middle Miocene Weaver ville Formation sediments preserved in the Reading Creek basin record a distinctly dif ferent topographic and tectonic history in the southeastern Klamath Mountain province than that described by Aalto (2006) for the western margin of the province. The AHe age of 25.9 ± 2.9 Ma for a cobble collected from the Weaver ville Formation at Reading Creek shows that the cooling age of this recycled clast is very close to that of the closest plutons currently exposed, the Shasta Bally batholith, 24.2 ± 1.9 Ma, 25.8 ± 0.9 Ma in the La Grange fault hanging wall, and the Monument Peak pluton, 22.7 ± 0.9 Ma, in the footwall (Piotraschke, 2012) . This age match suggests that source rocks for Weaver ville Formation conglomerate were exhumed at roughly the same time as were rocks exposed in this area today. Together, these dates imply that rapid uplift, erosion, and local deposition of recently eroded sediments occurred concur rently with, and accompanying displacement on, the La Grange fault. Fossil pollen from la custrine sediments in the Weaverville Forma tion at Reading Creek includes species from montane coniferous forest, mixed evergreen deciduous forest, and swamp forest (Barnett, 1989) and paints a picture of moderate topo graphic relief rather than lowrelief peneplain in the southeastern Klamath Mountain province at the time of Weaverville Formation deposition. In addition, the low vitrinite reflectance of lig nite from Weaverville Formation sediments at Reading Creek indicates that this area has not experienced substantial subsidence or burial since deposition of the Weaverville Formation in early middle Miocene time (Piotraschke, 2012) . Therefore, there is no evidence that the southeasternmost Klamath Mountain province was reduced to a lowrelief erosion surface (i.e., Klamath peneplain) in late Miocene-early Plio cene time.
Implications for Cenozoic Tectonics of the Cascadia Margin
A look northward to the Oregon Coast Ranges reveals a complex midTertiary tectonic history that is recorded in the accreted Siletz terrane, and that illuminates midTertiary tec tonism in the Klamath Mountain province. A comprehensive geologic history of Siletzia, a large early Cenozoic igneous province in the Coast Ranges of Oregon and Washington, by Wells et al. (2014) provides a detailed chronol ogy of Cenozoic tectonic events in the Oregon Coast Range immediately north of the Klamath Mountain province and offers a reference frame for kinematics and timing of tectonic events in the Klamath Mountain province.
The initiation of widespread uplift and exhu mation of eastern Klamath Mountain province basement rocks, recorded by early Eocene AFT ages (56-48 Ma) for many plutons (the Russian Peak, Craggy Peak, Sugar Pine, and Monument Peak plutons, the Mule Mountain stock, and the unknown plutonic source of a cobble collected from the Weaverville Formation), coincided with accretion of Siletzia and with subsequent thrust faulting and folding within Siletzia re ported by Wells et al. (2014) . Both the spread of thermochronologic ages for samples within individual plutons and the uncertainty regarding time of initiation of Siletzia accretion preclude a simple, unambiguous correlation between Si letzia accretion and eastern Klamath Mountain province uplift, although Siletzia accretion and uplift/cooling of eastern Klamath Mountain province basement rocks were certainly occur ring simultaneously.
However, both kinematics and timing link the late Eocene marginparallel extension event in Siletzia (Tillamook magmatic episode) to northsouth-directed extensional faulting in the Klamath Mountain province (La Grange fault). Sequential late Eocene northtosouth uplift of La Grange fault footwall rocks, reported previ ously by Batt et al. (2010b) , is supported by our new late Eocene (AHe) cooling ages for plutons in the northern and central La Grange fault foot wall (Russian Peak and Caribou Mountain plu tons), coupled with late Eocene AFT ages (and Miocene AHe ages) in plutons at the southern end of the footwall (Canyon Creek and Granite Peak plutons).
The spatial and temporal correspondence be tween the accretion and subsequent deformation of the Siletzia terrane and the detachmentfaultdriven exhumation of the central and eastern
Unroofing the Klamaths-Blame it on Siletzia? | RESEARCH Klamath terrane plutons motivates us to seek an explanation for the unroofing of the Klamaths in processes associated with the emplacement of Siletzia and the subsequent reestablishment of subduction outboard of the accreted terrane. Here, we briefly explore three possible plate tectonic-scale processes that may have played an important role in driving the midTertiary tectonic exhumation of the Klamath Mountain province: (1) Following the arguments of Wells et al. (2014) , extension both in Siletzia and in the adjacent Klamath Mountain province may have been associated with interaction with the Yellowstone hotspot as western North America moved over the mantle plume; (2) marginpar allel extension may have been driven by mantle flow associated with the emplacement of the Si letzia terrane and the outboard migration of the subduction system through a process described by Moresi et al. (2014) ; and/or (3) margin parallel extension in the Klamath Mountain prov ince may have occurred in response to northward (orogenyparallel) displacement of Siletzia as it was pushed by the northern edge of the obliquely subducting Farallon slab.
In the first scenario, during late Eocene time (ca. 42-34 Ma), the western margin of North America and the recently accreted Siletz ter rane overrode the Yellowstone hotspot, as seen in marginparallel extension, the emplacement of dike swarms, and volcanism in the central Oregon Coast Ranges (Wells et al., 2014) . This extension of the Siletz terrane and additional evidence of rotation and northward migration of these recently emplaced volcanic rocks could also have provided the driver and created space to allow the midTertiary marginparallel exten sion and unroofing in the Klamath Mountain province. However, Liu and Stegman (2012) argued that the source of the Yellowstone volca nics first interacted with North America through a midMiocene rupture or tear in the Farallon slab, providing the source for the Steens Moun tain volcanics in eastern Oregon, a significantly younger event than the Klamath Mountain prov ince extension. How to reconcile the role of the Yellowstone hotspot in these two distinct (in time and location) volcanic events is not clear.
The second scenario is based on an example of marginparallel extension that accompanied terrane accretion at a different subduction zone. Moresi et al. (2014) recently argued that, asso ciated with the accretion of a ribbon continent (in their case, the VanDieland microcontinent in southeastern Australia), a flow regime within the upper mantle drove orogenyparallel exten sion as the subduction zone propagated out board of the newly accreted terrane. This pattern is recorded both by extension adjacent to the ac creted terrane and by emplacement of relatively undeformed materials in the forearc of the rees tablished subduction zone. If this scenario is ap plicable to Siletzia-Klamath Mountain province evolution (Fig. 6A) , then the extension associ ated with terrane accretion (Siletzia) is mani fest as the unroofing of the Klamath Mountain province accompanying extension centered on the La Grange fault, and emplacement of Coast Ranges units west of the Klamath Mountain province. In the models of Moresi et al. (2014) , this extension occurred over 10-20 m.y., con sistent with the time span of Klamath Mountain province unroofing.
In the third scenario, with the emplacement/ accretion of Siletzia, subduction ceased inboard of the accreted terrane and reestablished itself outboard (e.g., Schmandt and Humphreys, 2011) , and the slightly oblique convergence promoted extensional deformation south of the newly accreted terrane, in the Klamath Moun tain province. The westward jump of subduc tion following accretion of Siletzia was ac companied by tearing of the Farallon slab at the southern margin of Siletzia (approximately the northern margin of the Klamath Mountain province). However, south and north of the newly accreted region, Farallon subduction likely continued unimpeded, and the subduct ing lithosphere north and south of Siletzia main tained its preaccretion path, while a new slab developed outboard of Siletzia (Fig. 6B ). Since Farallon subduction was slightly oblique to the North American margin, there was a northward component to the northern edge of the Farallon slab that abutted the southern margin of Silet zia. We propose that these kinematics could have driven both northward motion of Siletzia and northward motion of the adjacent Klam ath Mountain province, essentially pulling the lower plate of the Klamath Mountain province northward from beneath North America. This mechanism is consistent with the long duration and relatively slow rates of extension within the Klamath Mountain province.
All of these mechanisms produce displace ments of appropriate orientation and dura tion within the Klamath Mountain province. Whether they could work in concert or indepen dently is unclear. Both the Moresi et al. (2014) mechanism and the slabedge-driving mecha nism we have introduced represent end mem bers of the processes by which the subduction system is reestablished outboard of the accreted terrane. They are distinguished by whether the subduction is reestablished by the initiation of a new slab outboard of Siletzia or by the sys tematic northward emplacement of the ongoing Farallon subduction to the south. The role of the Yellowstone hotspot in this adds an additional complication. The position and timing of its in teraction with the margin of North America may have been coincident with Klamath Mountain province exhumation, but specifically how it would drive the northward motion is not clear.
Our new data in concert with previous studies indicate that while Neogene uplift of the western margin of the Klamath Mountain province was initiated in the last several mil lion years, as recorded by the westtilted Klam ath peneplain and overlying late Miocene and younger deposits (Aalto, 2006) , the topographic relief in the southeastern Klamath Mountain province is largely a tectonic feature that devel oped in Oligocene-Miocene time. We argue that the formation of the Klamath massif as a per sistent topographically high feature was driven by western North American plate tectonicstectonics associated with a period of rapid and ephemeral change in subduction behavior in the region caused by the docking of an oceanic ter rane (Siletzia). Key factors to linking uplift and exhumation in the southeastern Klamath Moun tain province to largerscale plate tectonics are (1) availability of a detailed geologic history for the Siletz terrane in the Oregon Coast Ranges (Wells et al., 2014) , (2) timing constraints pro vided by lowtemperature thermochronology of exhumed Klamath Mountain province plutons (Batt et al., 2010a (Batt et al., , 2010b Piotraschke, 2012;  this study), and (3) the record of extensive, long term brittle faulting on a regional detachment fault (Cashman and Elder, 2002; Cashman and Cashman, 2006) .
The argument that the significant margin parallel extension recorded in the exhumation of the southeastern Klamath Mountain province was driven by Farallon-North America (Silet zia) interactions demonstrates the potential for ephemeral plateboundary configurations to pro duce significant tectonic remnants. In this case, without a good understanding of the timing and nature of the exhumation, the strain history re corded by faulting, and the overall platetectonic behavior of the plate margin, the mechanism driving extension would remain obscure.
Our initial question of whether the distinc tive seismologic characteristics of the southern most Cascadia subduction zone margin reflect the geologic character of the forearc (e.g., crust of the Klamath Mountain province) cannot be answered directly, but evidence from the central Cascadia subduction zone (latitude 43°N-46°N) suggests that rock properties within the upper plate may influence the mode of slip on the sub duction zone. Global positioning system (GPS) timeseries data, tide gauge records, and level ing studies in central Cascadia record lower up lift rates in this region than elsewhere along the subduction zone (Schmalzle et al., 2014) subsidence during great earthquakes in the cen tral Oregon part of the subduction zone than in neighboring parts of Cascadia (e.g., Wang et al., 2013) . Schmalzle et al. (2014) suggested that the megathrust beneath central Oregon may be partially creeping, perhaps due to elevated pore fluid pressure beneath the thick, impermeable basalt of the accreted Siletz terrane. In contrast to Siletzia and the central Oregon Coast Ranges, the Klamath Mountain province has heteroge neous rock types, a record of substantial mid Tertiary extensional strain, and a differential local uplift history. Further geodetic and paleo seismic study of the Klamath Mountain prov ince-southernmost Cascadia subduction zone region could help to resolve the question of the role of upperplate structure in active seismicity in this area.
APPENDIX (U-Th)/He Dating Analytical Procedures
For (U-Th)/He analysis, apatite crystals of similar size and shape were inspected and handpicked under a high-power optical microscope (at 50×, 200×, and 1200× magnifications, respectively) following the standard selection criteria (Farley, 2002; Brown et al., 2013) . Only complete, euhedral crystals with both terminations preserved were selected in order to minimize uncertainty arising from surface and volume calculations required for alpha ejection correction (Farley et al., 1996) and to minimize possible dispersion of (U-Th)/He ages (Brown et al., 2013) . Selected crystals were photographed, measured for dimensions, and loaded in Pt tubes. Single apatite crystals were degassed at ~960 °C under ultrahigh vacuum using laser heating and analyzed for 4 He by isotope dilution on extraction systems designed by Patterson Instruments, Ltd., with a Pfeiffer Prisma QMS-200 mass spectrometer in the Thermochronology Laboratory of the University of Waikato. Details of analytical protocols of He measurement can be found in Danišík et al. (2012a Danišík et al. ( , 2012b . Following He measurements, the apatite grains were spiked with 235 U and 230 Th isotopes and dissolved in nitric acid following the protocols of Evans et al. (2005) . The solutions were analyzed by isotope dilution for U and Th on a PerkinElmer SCIEX ELAN DRC II inductively coupled plasma-mass spectrometer. Total analytical uncertainty (TAU) was calculated as the square root of the sum of the squares of weighted uncertainties on U, Th, and He measurements. The raw (U-Th)/He ages were corrected for alpha ejection (Ft correction) after Farley et al. (1996) . A value of 5% was adopted as the uncertainty on the Ft correction and was used to calculate errors for the corrected (U-Th)/He ages. Single-crystal (U-Th)/He ages with associated analytical uncertainties were used to calculate the geometric mean as a representative number for each sample set using RadialPlotter (Table 2; Vermeesch, 2009) . Replicate analyses of Durango apatite (n = 38) measured over the period of this study as an internal standard yielded mean (U-Th)/He ages of 30.8 ± 1.4 Ma, which is in excellent agreement with the Durango (U-Th)/He age of 31.02 ± 1.01 Ma (McDowell et al., 2005) .
Fission-Track Analysis Analytical Procedures
Sample preparation and experimental methods used in this study follow those reported by Green (1985) and Gleadow et al. (1986) , as adopted in the University of Waikato Fission Track Laboratory (Kamp et al., 1989 (Kamp et al., , 1992 . Apatite concentrates were separated from 1 kg samples of plutons using standard crushing, magnetic, and heavy liquid techniques. The external detector method (Gleadow, 1981) was used exclusively in this study. Apatite mounts were etched in 5 M HNO 3 at 20 °C for 20 s and irradiated in the ANSTO (Australian Nuclear Science and Technology Organisation) reactor at Lucas Heights, Sydney, Australia, with nominal fluences of 1 × 10 16 n/cm 2 for apatite. The fission-track ages were determined using the zeta calibration method (Green, 1985; Hurford and Green, 1982) and calculated as central ages (Galbraith and Green, 1990) as P(χ 2 ) values are much greater than 5% (Table 1) . Confined track lengths in apatite were measured using a digitizing tablet connected to a computer, superimposed on the microscope field of view via a projection tube. Tracks were measured using the recommendations of Laslett et al. (1982) .
